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1
GAP DISTRIBUTED BRAGG REFLECTORS

RELATED APPLICATIONS

This application 1s a divisional of U.S. Ser. No. 13/217,
859 filed Aug. 25, 2011, the contents of which 1s mcorpo-
rated herein by reference in 1ts entirety.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH AND
DEVELOPMENT

This imnvention was made with Government support under
U.S. Army Cooperative Agreement No. WII1INF-10-02-
0102 awarded by the Defense Advanced Research Projects
Agency (DARPA). The Government has certain rights in
this invention.

SUMMARY

Approaches mvolving gap distributed Bragg retlectors
(DBRs) are discussed in this disclosure. Some embodiments
illustrate a method of making a semiconductor light emitting
device. A light emitting layer, one or more reflective layers,
and one or more 1nterstitial layers are epitaxially grown.
Each interstitial layer 1s disposed between two reflective
layers. Vias are formed that intersect at least some of the
layers. The interstitial layers are exposed to an etchant
through the vias and are etched.

Some embodiments are directed to a semiconductor light
emitting device. The device includes a light emitting layer
and one or more reflector components. Each reflector com-
ponent comprises alternating epitaxially grown reflective
layers and layers of a non-epitaxially grown material. Vias
extend through at least some of the layers of the reflector
components.

The above summary i1s not intended to describe each
embodiment or every implementation. A more complete
understanding will become apparent and appreciated by
referring to the following detailed description and claims in
conjunction with the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 graphically illustrates etch times of epitaxial
Al Ga,,_,,N layers i phosphoric acid;

FIG. 2 1s a graph of the etch rate of Al Ga , N layers in
phosphoric acid;

FIG. 3 1s a tlow diagram illustrating a method of forming
a device comprising a gap distributed Bragg retlector (DBR)
in accordance with embodiments described herein;

FIG. 4 1s a diagram that 1llustrates a process for forming
a gap DBR before and after the removal of the interstitial
layers in accordance with embodiments described herein;

FIG. 5 1s a flow diagram that shows a process for forming,
a mesa structure that allows access to the sidewalls of the
interstitial layers by an etchant in accordance with various
embodiments;

FIG. 6 1s an example of a mesa structure that exposes at
least one sidewall of the interstitial layers 1n accordance with
embodiments described herein;

FI1G. 7 1s another example of a mesa structure that exposes
at least one sidewall of the interstitial layers 1n accordance
with embodiments described herein;:

FIG. 8 1s a flow diagram that illustrates a process for
forming a vias that expose the interstitial layers to an etchant
in accordance with various embodiments:
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FIG. 9 illustrates a device with one or more retlective
layers and one or more interstitial layers in accordance with

embodiments described herein;

FIG. 10 shows a device with one or more reflective layers,
one or more interstitial layers, and vias that expose the
interstitial layers to an etchant in accordance with embodi-
ments described herein;

FIG. 11 1s a device with one or more reflective layers and
air gaps sandwiched between the reflective layers in accor-
dance with embodiments described herein;

FIG. 12 illustrates a device with vias that are oriented to
surround a central region 1n accordance with embodiments
described herein;

FIG. 13 shows an example in which the vias have a linear
orientation and are oriented 1n one or more rows on the
device 1n accordance with various embodiments;

FIG. 14 illustrates a device with a light emitting layer, one
or more reflective layers, and one or more interstitial layers
in accordance with various embodiments:

FIG. 15 1s a device with a light emitting layer, one or more
reflective layers, and one or more air gaps oriented between
the reflective layers in accordance with various embodi-
ments;

FIG. 16 shows a tlow diagram of a method of making a
device with a light emitting layer 1n accordance with various
implementations.

FIG. 17 1s a schematic diagram of a device having a light
emitting layer and two epitaxially-grown reflective regions
in accordance with embodiments described herein;

FIG. 18 15 a flow diagram of a method of making a device
with a light emitting layer 1n accordance with embodiments
described herein;

FIG. 19 1s a schematic diagram of a device having an
active region, an epitaxially grown reflective region, and a
dielectric reflective region in accordance with various
embodiments;

FIG. 20 illustrates a device 1n which one set of vias allows
access by an etchant to the interstitial layers of two reflective
regions 1n accordance with embodiments described herein;

FIG. 21 shows an example of a device in which two sets
of vias are used to expose the interstitial layers from the two
reflective regions 1n accordance with embodiments
described herein;

FIG. 22 shows another example of a device 1n which two
sets of vias are used to expose the interstitial layers from the
two retlective regions 1n accordance with various embodi-
ments;

FIG. 23 1s a tlow diagram of a method for controlling an
etch process 1n accordance with various embodiments;

FIG. 24 1s a diagram that illustrates a camera-based
control system for an etch process 1n accordance with
embodiments discussed herein; and

FIG. 25 1s a diagram that illustrates a reflectivity-based
control system for an etch process in accordance with
embodiments described herein;

FIG. 26 illustrates a sensor system including a DBR
sensor 1 accordance with various embodiments; and

FIG. 27 shows a monolithic layered structure that forms
a DBR sensor system in accordance with embodiments
described herein.

DESCRIPTION OF VARIOUS EMBODIMENTS

Various embodiments involve highly reflective distributed
Bragg retlectors (DBRs) and processes for fabricating such
DBRs. The DBRs may be useful in vertical cavity surface
emitting laser (VCSEL) structures, for example. High retlec-
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tivity 1n the mirror components can provide a lower lasing
threshold in semiconductor laser devices. Enhanced reflec-
tivity may be achieved 1n the DBRs described herein due to
the relatively high difference 1n refractive index provided by
the alternating layers. In some embodiments, the DBRs are
formed using an alternating stack of reflective and interstitial
layers that can be selectively etched.

Embodiments described 1n this disclosure involve DBRs
with interstitial gaps between reflective layers, methods of
creating the DBRs, and semiconductor light-emitting
devices that include the DBRs. For example, gap DBRs may
be formed by growing etchable interstitial alternating with
layers that are not etched. At least one sidewall of the
interstitial layers 1s exposed to an etchant. The etchant at
least partially removes the interstitial layers between the
non-etched reflective layers forming interstitial gaps
between the reflective layers. In some embodiments,
removal of the interstitial layers involves creating via holes
to access the interstitial layers so that they can be exposed
to the etchant. Air may occupy the interstitial gaps after the
ctching.

In DBRs that do not include air gaps, a relatively large
number of mirror pairs may be needed because the refractive
index diflerence between the alternating layers 1s relatively
low. Having a large number of mirror pairs may increase the
formation of defects and/or may cause the structure to crack
due to a high lattice mismatch between the layers of the
DBR. The relatively high refractive index diflerence 1n a
device with nitride-contaiming layers (e.g., group III-ni-
trides—(Al—, In—, Ga—, B—)N, or various combinations
group III materials and N, such as, AlGaN, InGaN, and
InAlGaN, alternating with air gaps can provide a higher
overall reflectivity and/or can allow for a reduction in the
number of mirror pairs needed to achieve a similar or greater
amount of reflectivity than a device without air gaps.

The devices formed according to the approaches
described herein can have a reflectivity greater than 99%
with fewer than 20 reflector pairs or even fewer than 3
reflector pairs. For example, the reflectivity, R, at the inter-
face between an AIN and a GaN layer at a wavelength o1 350
nm 1S less than about 1%, whereas at a GaN/air interface, R
1s as high as about 21.3% (the 1index of refraction for GalN
1s n_GaN=2.713, the index of refraction for AIN 1s
n_AIN=2.2235, and the index of refraction for air 1s about 1).
The difference 1n refractive index may be greater than 0.6 for
layer pairs that include an epitaxially grown reflective layer
and a non-epitaxial material disposed in the interstitial gaps
between the reflective layers. In some cases, the second
material may be air. In some cases, there may be a vacuum
in the interstitial gaps.

In some implementations, a material other than air may be
present in the gaps between the retflective layers. For
example, the DBR may be configured to function as a sensor
wherein the optical characteristics of the DBR properties
change based on a presence and/or one or more character-
istics (e.g., temperature, pressure, or concentration) of an
analyte. DBR sensors and systems are described more fully
below.

In examples described below, alternating layers of GaN
and etchable AlGaN are described as the reflective and
ctchable interstitial layers, respectively. It will be appreci-
ated that other maternials may be used to create the DBRs
discussed herein so long as the material of the interstitial
layer can be selectively etched while the material of the
reflective layer remains intact. Generally, the interstitial
layers may be referred to as etchable layers and the reflective
layers may be referred to as non-etchable layers. This
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terminology 1s mtended to convey that the etchable layers
are relatively more easily etchable than the non-etchable
layers using the etchants and/or etching processes described
herein.

Selectively etching AIN or AlGaN 1n the DBR structures
1s possible because of the differential etch rates of GaN (or
AlGaN having low aluminum content) as compared to AIN
(or AlGaN layers having higher aluminum content). The
ctch rate of AlGaN materials varies as a function of alumi-
num content. FIGS. 1 and 2 are graphs 1llustrating etch times
and etch rate, respectively, of epitaxially grown AlGaN
layers as a function of mole fraction of aluminum. For each
sample, the thickness of the AlGaN layer being etched was
monitored by periodically taking the sample out of the
chemical bath etchant and performing x-ray scans to deter-
mine the x-ray signal intensity of the AlGaN layer. FIG. 1
shows etch times of epitaxial Al Ga,,_,N layers having a
thickness of about 1.9 um etched in phosphoric acid
(H,PO,) at a concentration 92% and temperature of 180° C.
The layers of AlGaN having aluminum mole fraction of 74%
or 67% were substantially removed 1n less than 5 min.,
whereas the AlGalN layer having 47% aluminum mole
fraction took over 30 min. to remove.

FIG. 2 shows a graph of the etch rate of Al Ga,,_,,\N in
H,PO, at a concentration of 92% and temperature of 180° C.
as a function of aluminum mole fraction. The graph shows
that the etch rate increases with increasing aluminum mole
fraction.

FIG. 3 1s a flow diagram 1illustrating a method of forming,
a device comprising a gap DBR 1n accordance with embodi-
ments described herein. A stack of alternating etchable
interstitial layers and non-etchable retflective layers 1s epi-
taxially grown 310. The stack 1s exposed 330 to an etchant
which etches the mterstitial layers. The interstitial layers are
ctched 340 for a predetermined period of time. During this
time period, the interstitial layers may be partially or fully
removed. Removal of the interstitial layers creates intersti-
tial gaps between the retlective layers, which may be occu-
pied by a second material, such as air. The reflective and/or
interstitial layers may comprise group IlI-nitride matenals
such as (Al—, Ga—, In—, B—)N or any combination of
group III elements and nitrogen, e.g., AlGaN, InGaN, InAl-
GaN, etc. In some cases, the one or more retlective layers
comprise gallium nitride (GalN) and the one or more 1inter-
stitial layers comprise aluminum gallium nitride (AlGaN)
having an aluminum content suflicient to allow etching. The
GalN/air gap pairs formed by the etching can provide a
higher refractive index diflerence as compared to the refrac-
tive index difference achieved with GalN/AlGaN pairs. As
previously mentioned, the higher refractive index contrast
between the reflective layers and the air gaps allows a device
to be grown with fewer retlective layers for a similar and/or
greater amount of reflectivity.

FIG. 4 1s a diagram that 1llustrates a gap DBR before and
alter the removal of the interstitial layers. Before removal of
the interstitial layers, the device 4004a 1includes one or more
interstitial layer/retlective layer pairs 440/430. The device
400 may include one or more additional layers 420. The
additional layers 420 can provide a base for the epitaxial
growth of the interstitial layer/reflective layer pairs 440/430
and/or the additional layers 420 can be grown on the
interstitial layer/reflective layer pairs 440/430. Four inter-
stitial layer/reflective layer 440/430 pairs are shown in the
device 400a of FIG. 4. The interstitial layers 440 may be
selectively etched away by a wet etchant such as hot
phosphoric acid, as described previously. After removal of
the interstitial layers 440 by the etching process, interstitial
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gaps form between the reflective layers 430. The interstitial
gaps (which may be occupied by a material such as air) are
sandwiched between reflective layers 430 make up a reflec-
tive region 4435 of the device 4005. The reflectivity of region
445b of device 4005 1s greater than the reflectivity of region
445a of device 400a. The thickness of the retflective and air
layers 1s related to the target wavelength of interest. In
general, the target wavelength can be any wavelength,
however, a target wavelength range of 350 to 600 nm 1s of
interest for many implementations. For example, the layer
thickness d=(m*A)/(4*n), where m 1s equal to 1,3,3,7, A 1s
the target wavelength, and n 1s the refractive index. For blue
1ght (A=460 nm) and GaN/AlGaN reflective/interstitial lay-
ers, the thickness of a GaN reflective layer d_GaN=460/
(4%2.476)=46.4 nm and the thickness of the AlGaN inter-
stitial layer d_AlGaN=d_air=460/4=115 nm.

The ability to etch the interstitial layers may rely on
accessing at least one sidewall of interstitial layer so that
cach interstitial layer can be exposed to the etchant. One way
to access sidewalls of the interstitial layers 1s to epitaxially
grow 1nterstitial layer/retlective layer pairs 510 followed by
formation of a mesa structure 520, as 1llustrated by the tlow
diagram of FIG. 5. Formation of the mesa structure may
involve etching a mesa structure, e.g., mesa stripe, into the
epitaxially grown layers. Etching the mesa stripe 1s accom-
plished by non-selective etching of both the retlective and
interstitial layers. The mesa structure allows access to side-
walls of the interstitial layers. The sidewalls of the intersti-
tial layers (made accessible by the mesa structure) are
exposed 530 to a wet etchant during an etching process that
selectively etches the interstitial layer and leaves the reflec-
tive layers intact. Formation of a mesa structure 610 may
allow access to two sidewalls 620, 630 of the interstitial
layers as shown 1n FIG. 6. Alternatively, only one sidewall
720 of the interstitial layers may be accessed by formation
of a step structure 710 as 1illustrated 1n FIG. 7.

In some processes, access to the interstitial layers may be
achieved through one or more via holes as 1llustrated in the
flow diagram of FIG. 8. Pairs of reflective layers and
interstitial layers are epitaxially grown 810. One or more
vias are formed 820 that penetrate the reflective layers and
the mterstitial layers. The one or more vias can be created
using a non-selective dry etching process. For example, the
vias may be created by using electron cyclotron resonance
(ECR), inductively coupled plasma (ICP), reactive 1on etch-
ing (RIE), chemically-assisted reactive 1on etching
(CAME), and/or processes. The creation of the one or more
vias allows access to the interstitial layers which are exposed
830 to a wet etchant, e.g. phosphoric acid. The interstitial
layers are partially or tully etched 840 by the etchant. In
some cases, interstitial layers may be etched for a period of
time that 1s selected to achieve a predetermined amount of
etching. The characteristics of the layer stack may be used
to control the etching process. For example, in some imple-
mentations, the color and/or reflectivity of the layer stack 1s
monitored during the wet etching process and etching 1s
controlled, e.g., the etching rate may be decreased or
stopped once a certain color and/or reflectivity 1s reached.

FIGS. 9-11 1llustrate a process for creating vias to expose
one or more interstitial layers to an etchant in accordance
with embodiments described herein. FIG. 9 illustrates a
layer stack having alternating reflective layers and intersti-
tial layers. FIG. 10 shows the creation of vias 1010 1n the
layer stack of FIG. 9. The vias can be etched using a
non-selective etching process, as described previously, e.g.,
a wet or dry etching process, which etches both the reflective
and non-reflective layers. As can be observed from FIG. 10,
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the vias allow access to the sidewalls 1011 of the layer stack.
FIG. 10 shows the two vias 1010, but 1t will be appreciated
that more or fewer vias may be created. In some cases, the
vias may only penetrate through some of the reflective/
interstitial layer pairs 1n the layer stack. Exposing a sidewall
1011 of the interstitial layers may alternatively or addition-
ally include creating vias 1n conjunction with the creation of
a mesa structure such that a first subset of the interstitial
layers have a sidewalls that are accessed by the creation of
the mesa structure and a second subset of the interstitial
layers are accessed through the creation of vias. FIG. 11
illustrates a cross-section of a layer stack after the one or
more interstitial layers have been etched by exposure of the
interstitial layers to an etchant that flows into the vias. The
interstitial layers are replaced by interstitial gaps, e.g., air
gaps that have a higher refractive index difference with the
reflective layers, thus increasing the reflectivity of the layer
stack.

The one or more vias may be formed 1n any arrangement
and may be created through any surface of the device. FIG.
12 shows a top view 1201 of a device. In this example, the
vias 1210 are oriented to surround a central region 12035 of
the device. The vias may be created on the top and/or the
bottom surfaces of the device, for example. The orientation
shown 1 FIG. 12 provides a high reflectivity area in the
central region 1205 after the interstitial layers are etched. In
some cases, the one or more vias may be oriented 1n a linear
pattern along one or more sides of the device. FIG. 13
illustrates an example in which the vias have a linear
orientation and are oriented in one or more rows along a
surface 1301 of the device. Note that the device may have
more or fewer vias than as depicted i FIGS. 12 and 13

Various devices described herein include a light emitting-
layer an addition to one or more retlective regions. FIGS. 14
and 15 1illustrate a device having a light emitting layer
between two reflective regions in accordance with embodi-
ments described herein. In FIGS. 14 and 15, the reflective
layers comprise GaN and the interstitial layers comprise
AlGaN. Additionally or alternatively, the reflective and/or
the interstitial layers may comprise other materials. F1G. 14
illustrates two regions belore etching having alternating
GaN reflective layers and AlGaN interstitial layers. The light
emitting layer comprises three quantum wells. One of the
reflective regions 1s below the light emitting layer and one
1s above the light emitting layer.

The interstitial layers can be exposed to a wet etchant by
exposing sidewalls by the formation of a mesa structure
and/or the formation of vias that intersect the interstitial
layers, for example. FIG. 15 1llustrates the device of FIG. 14
alter the interstitial layers are etched. The interstitial layers
may be exposed to the etchant for a period of time based on
etch rate. As can be observed 1n FIG. 15, interstitial gaps are
left 1n the place of the AlGaN. The interstitial gaps can be
occupied by air to form air gap DBRs 1410 with the
reflective GaN layers.

FIG. 16 1s a flow diagram of a method of making a device
with a light emitting layer in accordance with various
embodiments. A device with a light emitting layer and a first
reflective region 1s grown 1610 1n a first epitaxial growth
session. The first reflective region comprises one or more
reflective layers and one or more nterstitial layers. Option-
ally, an 1solator layer 1s deposited 1620 that provides current
confinement within the device. The 1solator layer may
comprise S10,, for example, and 1s deposited using evapo-
ration and/or sputtering techniques. In some cases, a thin
interstitial layer 1s grown and/or deposited 1n place of the
isolator. The interstitial layer can be partially etched and/or
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oxidized to enhance current confinement. A second retlec-
tive region having one or more reflective regions and one or
more interstitial regions 1s grown 1630 1n a second epitaxial
growth session. The interstitial layers of the first and the
second reflective regions are etched 1640.

The process of FIG. 16 can be used to create a device
depicted i FIG. 17, for example. The heterostructure 1llus-
trated mm FIG. 17 may be grown by metal organic vapor
epitaxy to nclude a multiple quantum well (MQW) light-
emitting layer 1710, two epitaxially-grown reflective
regions 1720, 1730 and an 1solator 1740. As described in the
discussion of FIG. 16, the first reflective region 1720 and the
light emitting layer 1710 are grown 1n a {irst epitaxial grown
session. The 1solator 1740 1s deposited and a second epi-
taxial growth session creates the second reflective region
1730. FIG. 17 shows the reflective regions 1720, 1730 with
the interstitial layers etched. In some cases, one etching
process etches the interstitial layers for the first reflective
region 1720 and a second etching process etches the layers
for the second reflective region 1720. For example, the first
etching process may etch the interstitial layers for the first
reflective region 1720 before the growth of the light emaitting,
layer and the second etching process etches the interstitial
layers 1n the second reflective region 1730.

FIG. 18 1s a flow diagram of a method of making a device
with a light emitting layer in accordance with various
implementations. A device with a light emitting layer and a
first reflective region 1s grown 1810. The first reflective
region comprises one or more reflective layers and one or
more interstitial layers. An 1solator layer and a second
reflective region are deposited 1820, 1840. A contact layer,
¢.g., comprising I'TO, for example, may also be deposited.
The 1solator layer may comprise S10, and the second retlec-
tive region may comprise alternating layers of S10, and
T10,, for example. The 1nterstitial layers of the first retlec-
tive region are etched 1830. The second reflective region 1s
deposited using evaporation or sputtering, for example. The
interstitial layers of the first reflective region may be etched
betore or after the deposition of the second retlective region.

FIG. 19 1llustrates a device that may be fabricated using
the method of FIG. 18. The device of FIG. 19 comprises a
light-emitting layer 1810, a first reflective region 1830 that
1s epitaxially grown, and a second reflective region 1820 that
1s deposited. As described above, the second reflective
region 1820 may be a dielectric DBR comprising alternating
deposited layers of S10, and Ti0O,, and/or other materials.
The nterstitial layers in the first retlective region 1830 may
be etched before or after the growth of the light emitting
layer and/or the deposition of the second reflective layer.

FIGS. 20-22 illustrate examples of via formation to access
interstitial layers 1n a layer stack. FIG. 20 shows a device
having a first reflective region 2010, a light emitting layer
2030, and a second reflective region 2020. According to
FIG. 20, the first reflective region 2010 comprises one or
more retlective layers 2012 alternating with one or more
interstitial layers 2014 and the second reflective region 2020
comprises one or more retlective layers 2022 alternating
with one or more nterstitial layers 2024. A set of vias 2040
are etched to allow access to the interstitial layers by an
ctchant. In the case of FIG. 20, the vias are created through
the top of the device and allow access to the set of interstitial
layers 2014 in the first reflective region 2010 and the set of
interstitial layers 2024 in the second reflective region 2020.
In this example, the vias go through the light emitting layer
2030. Additionally or alternatively, vias may be etched on
the bottom side of the device 1n order to expose the inter-
stitial layers.
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FIG. 21 1llustrates reflective regions 2110, 2120 and light
emitting layer 2130 which are epitaxially grown. A mesa
structure 1s formed allowing vias to be etched to allow
access to the interstitial layers of the first reflective region
2140 that do not penetrate the light emitting layer 2130. In
some cases, the mesa structure 1s formed by using a non-
selective dry etching process. The mesa structure may also
be formed during the growth of the device by masking to
prevent epitaxial growth on surfaces at either side of the

mesa structure. The second reflective region 2120 may have
a different set of vias 2145 that allow access to the interstitial

layers 2124 as shown in FIG. 21.

FIG. 22 shows another example of a device that includes
first and second reflective regions 2210, 2220 and a light
emitting layer 2230. Again, the first and second reflective
regions 2210, 2220 each comprise one or more reflective
layers 2212, 2222 alternating with one or more 1nterstitial
layers 2214, 2224. In this example, the device 1s grown and
two sets of vias 2240, 2245 are formed that allow access to
the interstitial layers 2214, 2224 1n the first and the second
reflective regions 2210, 2220. A first set of vias 2240 are
tformed below the light emitting layer 2230 penetrating the
interstitial layers 2214 of the first reflective region 2210. In
some cases, a substrate 1s removed before creation of the
vias 2240. A second set of vias 2245 are formed above the
light emitting layer 2230 that expose the mterstitial layers
2224 of the first reflective region 2220 to an etchant.

In some 1implementations, processes and/or systems used
to form reflective regions by etching interstitial layers may
involve monitoring and/or controlling the etching process
based on a predetermined limit. The system may be fully or
partially automatic. In various scenarios, the limit may
involve a time period or a detected device characteristic.
FIG. 23 1s a flow diagram 1llustrating etch process control.
The sidewalls of the interstitial layers of a layer stack are
accessed 2330, e.g. by formation of a mesa structure and/or
vias. The interstitial layers are exposed 2340 to the etchant.
Periodically, the process checks to see of the etch limit has
been reached. The etch limit can be a period time, or a device
characteristic such as reflectivity of the layer stack or color
of the layer stack for example. If the etch limit 1s reached,
the etch process 1s controlled 2360, e.g., slowed or termi-
nated.

FIGS. 24 and 25 show systems for etching layer stacks in
accordance with various embodiments. Both systems
include an etchant tank 2410 configured to contain an
ctchant 2420. A layer stack 2430 can be submerged in the
tank 2410 so that interstitial layers are exposed to the etchant
2420. The system of FIG. 24 includes a control system 2455
that includes a camera 2440. The camera 2440 may include
image processor circuitry capable of discerning color
changes 1n the surface of the layer stack 2430 and generating
a signal based on color of the layer stack surface. The signal
1s used by the process control unit 2450 to monitor and/or
control the etch process. For example, 1n some cases, when
the signal from the camera 2440 indicates a change 1n color
that exceeds a predetermined etch limait, the process control
unit 2450 generates an alert signal and/or terminates the etch
process. The control system 2555 of FIG. 25 includes a light
source 2550 and detector 2560. Light from the light source
2550 1s retlected by the layer stack 2430 during the etch
process. The reflectivity of the layer stack 2430 increases as
the etching proceeds. Reflected light 1s detected by a detec-
tor 2560 which generates a signal indicative of the reflected
light. The process control umit 2570 uses the signal to
monitor and/or control the etch process as described above.
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In some cases, the DBR structures described herein may
be used as sensors and/or may be coupled to other compo-
nents to form sensing systems. The DBR may be configured
so that the optical properties of the DBR, e.g. transmissive
and/or reflective properties of the DBR, vary based on the
presence and/or characteristics of an analyte occupying in
the interstitial gaps between the retlective layers. In some
cases, the DBR may be coupled with a laser and properties
of the laser, e.g., lasing wavelength, are changed based on
the presence and/or characteristics of the analyte.

FI1G. 26 1llustrates a sensing system 2600 that relies on a
DBR sensor 2610. The DBR sensor may include one or more
material layers in addition to reflective layers. For simplic-
ity, only the reflective layers and the interstitial gaps
between the retlective layers of the DBR are shown in FIG.
26. In some cases, the one or more additional material layers
may be deposited above and/or below the DBR portion of
the sensor. In some cases the DBR and additional layers may
form a light emitting device such as a laser.

As 1llustrated by the system 2600, a DBR sensor 2610
includes of a series of reflective layers and interstitial gaps
between the reflective layers. One or more openings 2611
allow entry of an analyte into the interstitial gaps. The
system 2600 includes a light source 2620 configured to
direct light 2621 toward the DBR sensor 2610. The light
source may provide broadband or narrow band light that
includes light having the target wavelength of the DBR
sensor 2620. Light reflected 2622 by the DBR sensor 2610
1s detected by a photodetector 2630 which generates a signal
2631. When an analyte enters through the openings 2611 and
into the interstitial gaps between the reflective layers, the
refractive index difference between the DBR layers changes.
The change in the refractive index difference in turn alters
the optical properties of the DBR. For example, the reflec-
tivity of the DBR sensor 2610 may decrease or increase
and/or the transmission through the DBR sensor 2610 may
increase or decrease. The signal 2631 output from the
photodetector 2630 1s indicative of the changes in the DBR
sensor optical properties. In some 1mplementations, the
analyte may be identified based on changes in the signal
2631. For example, 1 the refractive index of the analyte 1s
known, then the analyte may be i1dentified based on the
change 1n the reflectivity and/or transmissivity of the DBR
sensor 2610. In some cases, the sensor system may use a
reference cell that 1s i1dentical 1n all respects to the DBR
sensor except that there are no openings to the interstitial
gaps that allow entry of the analyte. The reference cell may
be placed 1n the test environment with the sensor. The
system may compare the signal produced by the reference
cell to the signal produced by the sensor.

FI1G. 27 illustrates yet another example of a DBR sensor
system 2700. In this example, the sensor system 2700 1s a
monolithic layered structure. A first set of layers forms the
DBR sensor portion 2710 including reflective layers and
interstitial gaps. Openings 2711 allow analyte to enter at
least some of the interstitial gaps. The sensor system 2700
includes light emitting layers 2720 configured to emait light.
In some scenarios the light emitted by the light emitting
layers 2720 has a wavelength range of about 300 to about
600 nm, although other wavelength ranges may be used 1n
other applications. The sensor system 2700 includes photo-
detector layers 2730, which, according to the onentation
shown 1n FIG. 27, are disposed on the opposite side of the
DBR sensor layers 2710 from the light emitting layers 2720.
The photodetector layers 2730 are i1s configured to sense
light emitted by the light emitting layers 2720 and trans-

mitted through the DBR layers 2710.
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Assume that the reflective layers of the DBR sensor
system 2700—comprise GaN and that imitially the intersti-
tial gaps contain air. The reflectivity of the DBR layers 2710
would be relatively high due to the large refractive index
difference between the GaN reflective layers and air. When
the sensor system 2700 1s placed 1n a test environment, an
analyte enters through the openings 2711 and replaces at
least some of the air. The analyte has a different (higher)
index of refraction than air. Thus, the index of refraction
difference between GalN and the analyte contained in the
interstitial gaps 1s lower than the GalN/air refractive index
difference. More of the light emitted by the light emitting
layers 2720 1s transmitted through the DBR layers and
reaches the photodetector layers 2730. This alters the output
signal 2631 generated by the photodetector layers, indicat-
ing the presence of the analyte.

Systems, devices or methods disclosed herein may
include one or more of the features, structures, methods, or
combinations thereof described herein. For example, a
device or method may be implemented to include one or
more of the features and/or processes described herein. It 1s
intended that such device or method need not include all of
the features and/or processes described herein, but may be
implemented to include selected features and/or processes
that provide usetul structures and/or functionality.

In the foregoing detailed description, numeric values and
ranges are provided for various aspects of the implementa-
tions described. These values and ranges are to be treated as
examples only, and are not intended to limit the scope of the
claims. For example, embodiments described 1n this disclo-
sure can be practiced throughout the disclosed numerical
ranges. In addition, a number of materials are 1dentified as
suitable for various facets of the implementations. These
materials are to be treated as exemplary, and are not intended
to limit the scope of the claims. The foregoing description of
various embodiments has been presented for the purposes of
illustration and description and not limitation. The embodi-
ments disclosed are not intended to be exhaustive or to limit
the possible implementations to the embodiments disclosed.
Many modifications and variations are possible in light of
the above teaching.

The mnvention claimed 1s:

1. A sensor comprising:

a plurality of layer pairs, each layer pair comprising;

a reflective layer; and

an 1nterstitial gap, each reflective layer having a first
thickness and a first index of refraction and each
interstitial gap having a second thickness and a
second index of refraction, the first and second
thicknesses and the first and second indices of refrac-
tion selected to reflect incident light traveling along
a first direction, the layer pairs arranged such that
cach interstitial gap 1s disposed between two reflec-
tive layers, the plurality of layer pairs forming a
distributed Bragg reflector (DBR); and

at least one opening configured to allow entry of an

analyte into the interstitial gaps within the DBR.

2. The sensor of claim 1, wherein the sensor 1s a mono-
lithic structure that includes a light emitting device config-
ured to generate light that 1s directed toward by the DBR.

3. The sensor of claim 2, further comprising an additional
DBR, the light emitting device disposed between the DBR
and the additional DBR.

4. The sensor of claim 1, wherein the sensor 1s a mono-
lithic structure that includes a photodetector configured to
detect light reflected or transmitted by the DBR.
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5. The sensor of claim 1, wherein the sensor 1s a mono-
lithic structure that includes an additional DBR and a light
emitting device disposed between the DBR and the addi-
tional DBR.

6. The sensor of claim 5, wherein the light emitting device
comprises a vertical cavity surface emitting laser.

7. The sensor of claim 1, wherein air or a vacuum 1s
present within the interstitial gaps before entry of the
analyte.

8. The sensor of claim 1, wherein the reflective layers
comprise GalN.

9. The sensor of claim 1, wherein the reflective layers are
epitaxial layers.

10. A system comprising:

a Sensor, comprising:

a plurality of layer pairs, each layer pair comprising:
a reflective layer; and
an interstitial gap, each reflective layer having a first
thickness and a first index of refraction and each
interstitial gap having a second thickness and a
second index of refraction, the first and second
thicknesses and the first and second indices of
refraction selected to reflect incident light travel-
ing along a first direction, the layer pairs arranged
such that each interstitial gap 1s disposed between
two reflective layers, the layer pairs forming a
distributed Bragg reflector (DBR); and
at least one opening configured to allow entry of an
analyte into the interstitial gaps;

a light emitting device configured to generate light

directed toward the DBR; and

a photodetector configured to sense light reflected or

transmitted by the DBR and to generate a signal based
on the sensed light.

11. The system of claim 10, further comprising a proces-
sor configured to receive the signal and to detect a presence
of the analyte based on the signal.

12. The system of claim 11, wherein the processor is
configured to i1dentily the analyte based on the signal.
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13. The system of claim 11, wherein the processor 1s
configured to determine a characteristic of the analyte based
on the signal.

14. A method comprising:

exposing a sensor to an analyte, the sensor including:

a plurality of layer pairs, each layer pair comprising:
an interstitial gap, each reflective layer having a first
thickness and a first index of refraction and each
interstitial gap having a second thickness and a
second index of refraction, the first and second
thicknesses and the first and second indices of
refraction selected to retlect incident light travel-
ing along a first direction, the layer pairs arranged

such that each interstitial gap 1s disposed between
two reflective layers, the layer pairs forming a
distributed Bragg reflector (DBR); and
at least one opening fluidically coupled to the intersti-
tial gaps;
allowing the analyte to enter the interstitial gaps through
the opening, entry of the analyte changing optical
properties of the DBR;

sensing light transmitted or reflected by the DBR; and

detecting a presence of the analyte based on the sensed

light.

15. The method of claim 14, further comprising identi-
tying the analyte based on the sensed light.

16. The method of claim 15, further comprising deter-
mining at least one characteristic of the analyte based on the
sensed light.

17. The method of claim 16, wherein the at least one
characteristic comprises one or more of temperature, pres-
sure and concentration of the analyte.

18. The method of claim 14, wherein the sensed light
indicates a change in refractive index of the sensor when the
analyte 1s present 1n the interstial gaps.

19. The method of claim 14, further comprising generat-
ing light directed toward the DBR.
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